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Introduction

Only recently, a new class of immunotherapeutic drugs 
have been introduced for cancer treatment. In brief, these 
so-called immune checkpoint inhibitors have the ability 
to restore the antitumor immune response by inhibiting 
regulatory pathways that turn off the immune response and 
help cancer cells to evade immune control and elimination 
especially by cytotoxic T-cells, a process that has been 
termed “tumor immune evasion” (1). 

Amongst others, mechanisms of tumor cell escape 
include up-regulation of negative co-signals which prevent 

effective T-cell activation. Therefore, most cancer immune-
oncological therapies aim at restoring T-cell-mediated 
anti-tumor activity (2,3). Despite the promising results 
of immune checkpoint inhibition many questions remain 
as only 25% of the patients respond. A main goal of 
current research is to expand the number of patients that 
benefit from immune checkpoint inhibitors. To that end, 
tumor cell-intrinsic factors, like loss of tumour antigen 
expression and alterations of interferon and cytokine 
signalling pathways, as well as factors in the tumour 
microenvironment (TME), like immune-suppressive cell 
populations and secreted factors, need to be addressed (4). 
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Recent studies have shown that using epigenetic drugs 
may offer an exciting novel approach to reverse immune 
suppression and to ‘prime’ tumors for immunotherapy (5,6). 
Among these, one study in particular has attracted attention 
in which 5 patients with advanced non-small cell lung 
cancer (NSCLC) who progressed after epigenetic therapy 
were enclosed in a trial for immune checkpoint therapy 
(1,7,8). In general, 20% of all NSCLC patients in the trial 
responded to immune checkpoint therapy, whereas all  
5 patients with previous epigenetic therapy passed 24 weeks 
without progression and three of them developed durable 
sustained partial responses according to RECIST criteria 
(1,9,10). 

This review aims to summarize our current knowledge 
on the underlying key mechanisms of epigenetic drugs that 
improve tumor recognition by cytotoxic T lymphocytes 
and natural killer (NK) cells and sensitivity to their effector 
functions, thereby making epigenetic drugs an interesting 
combination partner for immunotherapy. 

Epigenetic changes as pharmacological targets 
in cancer

Generally, the term epigenetics is used to describe “heritable 
and potentially reversible changes in gene expression 
that occur without altering the DNA sequence” (11-13). 
Epigenetic changes also help to regulate gene activation 
in response to extracellular signals. DNA methylation 
catalysed by DNA methyltransferases (DNMTs) and 
histone acetylation and deacetylation catalysed by histone 
acetyltransferases and histone deacetylases (HDACs), 
respectively, are prototypic epigenetic mechanisms 
and are often disturbed in cancer. For instance, DNA 
hypermethylation and histone hypoacetylation lead to 
silencing of key genes contributing to the neoplastic 
phenotype (14). Interestingly, several genes inactivated 
by hypermethylation and/or hypoacetylation are involved 
in pathways important for immune recognition (15). 
Consequently, epigenetic drugs targeting DNMTs and 
HDACs, i.e., DNMT inhibitors (DNMTis) and HDAC 
inhibitors (HDACis), can be used to upregulate expression 
of immune signalling components thereby improving 
tumor cell recognition. More recently, bromodomain and 
extra-terminal motif (BET) proteins have been discovered 
as epigenetic targets in tumor therapy, as some are 
overexpressed in various cancer types. They too seem to 
be involved in the regulation of the programmed death-1 
(PD-1)/programmed death ligand-1 (PD-L1) immune 

checkpoint axis making BET inhibitors another interesting 
combination partner for checkpoint inhibitors (16). 

DNMTis 

Based on their molecular structure, two major classes 
of DNMTis are distinguished, cytidine nucleoside 
analogs and non-nucleosides. Nucleoside analogs include 
5-azacytidine (azacytidine, AZA), 5-aza-2'-deoxycytidine 
(decitabine, DAC), 5-fluoro-2'-deoxycytidine, 5,6-dihydro-
5-azacytidine and zebularine (11) with azacytidine and 
decitabine being used for the treatment of myelodysplastic 
syndrome (MDS) as well as acute myeloid leukaemia (AML) 
(17,18). Second generation nucleoside analogs include the 
dinucleotide of decitabine and deoxyguanosine, SGI-110,  
with improved pharmacokinetic properties. Following 
uptake and phosphorylation to nucleotides these cytidine 
analogs are incorporated into genomic DNA of replicating 
cells. When DNMTs attempt to methylate them, the 
enzymes become irreversibly inactivated. Through this 
mechanism newly synthesized DNA strands cannot be 
methylated leading to passive demethylation of the genome 
following DNA replication (11,15,19). 

Non-nucleoside analogs on the other hand show 
hypomethylating activity without being incorporated 
into DNA. They can be divided into synthetic small 
molecules (e.g., hydralazine, procainamide and RG108), 
natural molecules [epigallocatechin-3-gallate (EGCG)] 
and oligonucleotides (MG98, mir-29b), each with different 
mechanisms of action (11).

HDAC inhibitors

Classical HDACs are usually subdivided into four classes. 
Class I comprises HDAC1, 2, 3 and 8, class IIA HDAC 4, 5, 7, 
and 9, class IIB HDAC 6 and 10, and class IV HDAC11 (20).  
They share Zn2+-dependent catalytic activity; class I 
enzymes are expressed in the nucleus, class IIB in the 
cytoplasm and class IIA shuttle between cytoplasm and 
nucleus (21-23). 

Compounds targeting these enzymes are commonly 
referred to as HDACis (11). Depending on their chemical 
structure they are classified into short-chain and aromatic 
fatty acids (e.g., sodium butyrate, 4-phenylbutyrate and 
valproic acid), hydroxamic acids (e.g., trichostatin A), 
hydroxamic acid-based hybrid polar compounds (e.g., SAHA 
(vorinostat) and panobinostat), cyclic tetrapeptides (e.g., 
romidepsin), benzamides (e.g., SNDX-275 and mocetinostat) 
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and miscellaneous compounds like depudecin (24). 
In general, benzamide class HDACis target class I 

HDAC isoforms whereas hydroxamic acid class HDACis 
target both, class I (HDAC1, 2, and 3) and class IIB 
(HDAC6) (25,26). Until today, vorinostat and romidepsin 
have been approved for treatment of cutaneous T cell 
lymphoma, belinostat and chidamide for peripheral T cell 
lymphoma and panobinostat for multiple myeloma (27).

BET inhibitors 

BET prote ins  inc lude  BRD2,  BRD3,  BRD4 and 
bromodomain testis-specific protein (BRDT). They 
contain 2 N-terminal bromodomains which preferentially 
bind to multi-acetylated peptide sequences to stimulate 
transcription and regulate various cellular functions, 
including cell cycle progression and cell proliferation (16).  
In the last years, several BET inhibitors have been 
developed. JQ1 (a thienotriazolodiazepine) and iBET 
(a benzodiazepine) were first described in 2010 (28,29). 
Both compounds are pan-BET bromodomain inhibitors 
which discriminate neither between the 2 bromodomains 
within the same BET protein nor among the 4 BET 
family members (30). Aiming to improve selectivity, BRD1 
selective inhibitors (e.g., MS-436, Olinone and BI-2536) and 
BRD2 selective inhibitors (e.g., RVX-208 and RVX-297)  
have been developed as well as further pan inhibitors (30). 
In tumor therapy, especially inhibition of BRD4 which is 
thought to cooperate with MYC is considered important. 
However, none of the currently available BET inhibitors is 
very selective and these compounds therefore are likely to 
act by diverse mechanisms (31). Similar to DNMTis and 
HDACis there is evidence suggesting immunomodulatory 
functions of BET inhibitors, but especially their specific 
act ions on tumor and immune cel ls  need further 
exploration.

Epigenetic immunomodulation of cancer cells

Epigenetic drugs exert direct effects on tumor cells by 
affecting expression of antigenic proteins, presentation 
of antigens, immune checkpoints, stress responses, and 
antiviral signaling pathways (see Figure 1). 

Tumor associated antigens (TAAs)

Immune attraction properties of cancer cells are dependent 
on expression of TAAs (32). Among these, the large family 

of cancer testis antigens (CTAs) is well characterized (33).  
CTAs are expressed in various human tumors but not in 
normal tissues as they are normally silenced in mature 
somatic cells primarily by DNA methylation (27,33). 
Outside the immune privileged testicular tissue, they 
are recognized by cytotoxic T-lymphocytes (CTLs). 
CTAs include melanoma-associated antigen (MAGE), 
preferentially expressed antigen of melanoma (PRAME), 
New York esophageal squamous cell carcinoma-1 (NY-
ESO-1) and the SSX as well as GAGE/PAGE/XAGE 
gene families (27). DNMTis can cause increased CTA 
expression in tumors via promoter demethylation hence 
leading to improved targeting by the host immune system. 
For instance, CTAs were significantly upregulated by 
azacytidine in the majority of 77 epithelial cancer cell 
lines, most strongly in colorectal (64%) and ovarian (39%) 
cancer lines (6,9). The newer DNMTi SGI-110 induced 
hypomethylation and CTA gene expression in a dose-
dependent manner in epithelial ovarian cancer cells and 
xenografts. The observed effects were superior to those of 
azacytidine or decitabine (34). In a Phase I clinical trial on 
patients with relapsed epithelial ovarian cancer, decitabine 
added to NY-ESO-1 vaccine and doxorubicin chemotherapy 
elicited DNA hypomethylation at the NY-ESO-1 promoter 
and upregulation of NY-ESO-1. Moreover, increased 
serum antibodies to NY-ESO-1 and T-cell responses were 
observed in the majority of the patients (35). Similarly, 
chidamide, a selective HDAC1, 2, 3, and 10 inhibitor, was 
shown to increase PRAME mRNA expression in human 
acute myeloid leukemia cell lines and primary acute myeloid 
leukemia cells in vitro (36).

Antigen processing and presentation

Further, T-cell depletion of neoplastic cells requires their 
recognition via antigen presentation in the form of antigenic 
peptides associated with a specific MHC class I molecule on 
the tumor cell surface (11,37). In order to escape immune 
recognition, tumor cells often carry specific alterations in 
MHC class I molecules which impair their identification 
by CTLs (11,38). Expression of MHC class I molecules in 
cancer cells is often reduced by epigenetic mechanisms (39).  
DNMTis and/or HDACis can upregulate MHC class I 
antigens on different neoplastic cells, including cell lines 
from neuroblastoma, cervical and prostate cancer (11,40-42).  
It is unknown to which extent this upregulation occurs  
in vivo.

Besides MHC class I molecule on the cell surface, 
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expression of other components of the antigen processing 
machinery (APM) may also be defective in cancer (43,44). 
Both DNMTis and HDACis have been shown to induce 
or enhance the expression of different APM pathway 
components such as TAP-1, TAP-2, LMP2, LMP7 and 
tapasin in various tumor types (42,44-46).

Moreover, exposure to epigenetic agents can induce 
surface expression of costimulatory molecules on cancer cells 
like CD40, CD80, CD86 and ICAM-1 (44). Interestingly, 
DNMTis and HDACis seem to have different tropisms. 
Whereas ICAM-1 appears to be mainly targeted by 
DNMTis, HDACis preferentially upregulate CD40, CD80, 
and CD86 (11). More precisely, decitabine and its newly 
derived pro drug SGI-110 have been shown to upregulate 
ICAM-1 in different cell lines including cutaneous 
melanoma, mesothelioma, renal cell carcinoma (RCC) and 

sarcoma (47,48). On the other hand, trichostatin A and 
sodium butyrate have been shown to enhance cell surface 
expression of CD40, CD80 and CD86, besides increasing 
class I and II MHC expression, in various melanoma, 
neuroblastoma and plasmacytoma cell lines (27,42,45,49). 

Upregulation of immune checkpoints

Another straightforward way by which epigenetic drugs 
sensitize cancer cells to immune checkpoint therapy is by 
upregulating the immune checkpoint proteins CTLA-4 
(cytotoxic T-lymphocyte-associated protein), PD-1, PD-L1,  
and PD-L2 on tumor cells and tumor-infiltrating 
lymphocytes (44). In a murine melanoma model, HDAC 
inhibition upregulated especially PD-L1 in vitro as well as in 
vivo, with panobinostat as the most efficient compound (50).

Figure 1 Immunomodulatory properties of epigenetic drugs on cancer cells as well as on the tumor microenvironment (see text for detailed 
information). HDACis, histone deacetylase inhibitors; DNMTis, DNA methyltransferase inhibitors; BETis, bromodomain and extra-
terminal motif inhibitors; CTA, cancer testis antigens; APM, antigen processing and presenting machinery; MHC, major histocompatibility 
complex; ULBPs, UL16 binding proteins; CD, cluster of differentiation; ICAM1, intracellular adhesion molecule 1; LFA1, lymphocyte 
function-associated antigen 1; PD-1, programmed death receptor-1; PD-L1, programmed death-ligand 1; TCR, T cell receptor; NK cell, 
natural killer cell; NKG-2D receptor, natural-killer group 2 receptor, member D; TREG, T-regulatory cell; MDSC, myeloid-derived 
suppressor cell; ERVs, endogenous retroviruses; dsRNA, double-stranded RNA; IFN, interferon; IFNAR, interferon-α/β receptor; ISGs, 
interferon-stimulated genes; FAS-R/-L, first apoptosis signal receptor/ligand; TRAIL (receptor), tumor necrosis factor-related apoptosis-
inducing ligand (receptor). 
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Similarly, after treatment with decitabine, increased 
levels of PD-L1 were found in epithelial ovarian cancer and 
non-small cellular lung cancer cell lines (6,9). Treatment 
of leukemia cells with decitabine likewise resulted in dose-
dependent upregulation of PD-L1, PD-L2, PD-1 and 
CTLA-4 gene expression. Exposure to decitabine resulted 
in partial demethylation of the PD-1 gene in leukemia cell 
lines and primary human samples (51).

Unlike HDACis and DNMTis, BET inhibitors seem 
to inhibit PD-L1 expression showing synergy with 
immune checkpoint inhibitors. CD274, for example, which 
encodes PD-L1, is a direct target of BRD4-enhanced 
gene transcription. In a mouse model of ovarian cancer, 
treatment with the BET inhibitor JQ1 significantly reduced 
PD-L1 expression on tumor and immune cells leading to 
an increased activity of anti-tumor cytotoxic T cells (52). 
Similarly, in a NSCLC xenograft, JQ1 in combination with 
anti-PD-1 immune checkpoint blockade decreased tumor 
burden and improved survival (53). Similar synergistic 
effects were seen in combination with epacadostat, 
an indoleamine-2,3-dioxygenase 1 (IDO-1) inhibitor, 
suggesting that multiple immune checkpoints may interact 
with BET proteins (16,54).

Stress-inducing ligands and death inducing receptors

Apart from components of the APM and immune 
checkpoint proteins, several studies have shown that 
HDACis may also induce increased expression of NK 
cell ligands on tumor cells, thereby sensitizing tumor 
cells to NK cell lysis. Amongst others, HDACis like 
sodium butyrate, SAHA, MS-275 and VPA upregulated 
the expression of MICA, MICB and ULBP1-3 in various 
tumor cells (55-57). Mechanistically, the upregulation 
resulted from direct effects such as hyperacetylation of 
histones associated with promoters of NKG2 ligands (57) 
and indirect effects such as activation of the ATM/ATR-
dependent DNA damage response (56). Further, there is 
strong evidence that HDACis, alone or in combination with 
DNMTis, have the ability to upregulate the expression of 
FAS and TRAIL death receptors on cancer cells, thereby 
further enhancing NK cell killing (57-59). 

Viral mimicry

Several recent papers have described activation of antiviral 
signaling pathways especially by DNMTis, but also to 

some degree by HDACis. Chiappinelli and coworkers 
observed increased interferon signaling and concordant 
upregulation of surface antigens and their assembly proteins 
in 77 epithelial cancer cell lines treated with decitabine 
(1,6). They defined a 300-gene expression set, named Aza-
Induced iMmune genes (AIM) (6). Excitingly, expression 
of AIM divided primary tumor samples from ‘The Cancer 
Genome Atlas’ into high and low expression groups (6). It 
was therefore hypothesized that decitabine could reverse the 
immune evasion pattern of low AIM tumors subsequently 
sensitizing them to immune therapy (1,6). 

Subsequently, the same group and Roulois et al. 
suggested that this immune signaling is mainly activated by 
induced dsRNAs derived at least in part from endogenous 
retroviral sequences (ERVs) (5,60). This mechanism is now 
commonly referred to as viral mimicry. 

ERVs, also known as long terminal repeat (LTR) 
retrotransposons, make up approximately 8% of the human 
genome. They derive from ancient retroviral infections 
and are normally silenced by promoter DNA methylation 
and other epigenetic mechanisms, but upon reactivation, 
are capable of eliciting innate and adaptive host immune 
responses (44,61). 

In subsequent work on ovarian and colorectal cancer 
cell lines, it was shown that DNMTis (azacytidine and 
decitabine) activate a canonical interferon signaling pathway 
through upregulation of dsRNA that activates the cytosolic 
dsRNA sensors TLR3 and MDA5 thereby inducing type I 
and type III interferons, upregulation of interferon response 
genes and JAK/STAT signaling (5,60). This cascade involves 
nuclear translocation of IRF7 and activation of antiviral 
response programs, including immunogenic cell death for 
viral clearance (60,62). In essence, DNMTis seem to be 
able to deceive cancer cells into behaving like virus-infected 
cells leading to an anti-viral immune response directed 
towards cancer cells (60). Underlining these results, clinical 
trials on NSCLC, breast cancer and colorectal cancer with 
low dose DNMTis also showed upregulation of interferon-
responsive genes (6,9). 

Epigenetic immunomodulation in the tumor 
microenvironment 

Epigenetic drugs not only affect cancer cells, but also exert 
important immunomodulatory effects on other cell types in 
the tumor microenvironment and paracrine signaling (see 
Figure 1). 
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NK cells

Like cancer cells, epigenetic drugs also affect and can 
thereby modulate host immune cells. For example, 
entinostat was shown to enhance NK cell killing of cancer 
cells through upregulation of the activating receptor 
NKG2D on the surface of NK cells in human colon 
carcinoma and sarcoma cells (63). Similarly, decitabine 
sensitized AML blasts to lysis by NK cells in vitro via 
upregulation of killer immunoglobulin-like receptors and 
the activating receptor NKp44 on NK-cells. Noteworthy, 
high doses of decitabine decreased NK cell proliferation 
and viability, suggesting that optimal doses for the beneficial 
immune effects of epigenetic therapy may be rather low (64).

Suppression of myeloid-derived suppressor cells (MDSCs)

More recently, there has been growing evidence that 
epigenetic drugs may have an effect on MDSCs. MDSCs 
are a type of immature myeloid cells suppressing anti-
tumor immunity. They are induced by tumor growth and 
accumulate in the TME (27). Their depletion may therefore 
enhance anti-tumor immunity. HDACis treatment 
has been reported to decrease MDSC accumulation in 
the spleen, blood and tumor bed whilst increasing the 
proportion of T cells in mice with mammary tumors. The 
HDACis-induced increase in MDSC apoptosis may be 
due to increased intracellular reactive oxygen species (65).  
Similarly, the percentage of MDSCs in the TME and 
spleens of mice bearing prostate adenocarcinoma or 
MHC class I-deficient TC-1 tumors decreased following 
treatment with azacytidine (66). 

T regulatory cells (Tregs)

Similar to MDSCs, CD4+CD25+FoxP3+ Tregs are typically 
immunosuppressive and contribute to tumor immune 
tolerance. Under normal conditions, they have an important 
function in maintaining immune response homeostasis by 
preventing over-activation and autoimmunity. In the TME, 
however, Tregs often proliferate in response to factors 
secreted by tumor or stroma cells and impair antitumor 
immune responses by inhibiting NK and T-cell function (27). 

Expression of FOXP3, which regulates Treg function and 
development, is tightly regulated by epigenetic mechanisms (67)  
and is therefore altered by epigenetic therapies. This 
straightforward approach at improving immunotherapy is 
however complicated by the fact that opposite mechanisms 

have been described by which different HDACs affect 
Treg and Foxp3 expression (68,69). Whereas inhibition 
of HDAC6 and HDAC9 was shown to even augment the 
suppressive functions of Tregs (70), targeting HDAC5 in a 
different study led to reduced suppressive function of Tregs 
in vitro and in vivo (71). 

Induction of chemokine expression

Another way by which epigenetic modulation can cause 
tumor immune escape is via epigenetic repression of 
chemokines needed for immune cell attraction. Epigenetic 
silencing of chemokine genes may occur by DNMT-
mediated DNA methylation (72). Accordingly, treatment 
of ovarian cancer cells with decitabine was shown to slow 
down tumor progression and to increase effector T-cell 
tumor infiltration by increasing expression of the T helper 
1-type chemokines CXCL9 and CXCL10. Moreover, the 
therapeutic efficacy of PD-L1 checkpoint blockade was 
improved (72). Concordant effects have been seen in tumor-
bearing mice (72-74). 

For HDACis, upregulation of chemokine expression, 
increased T-cell infiltration and T-cell-dependent tumor 
regression was elicited by romidepsin with significantly 
enhanced responses to PD-1 blockade immunotherapy in 
lung tumor models (75).

Epigenetic immunomodulation in urological 
tumors

In patients with advanced or metastatic RCC, the use of 
nivolumab (anti-PD-1 antibody) has shown improved 
median overall survival compared to everolimus in a large 
randomized controlled trial (RCT) (76). Consequently, 
its use for treatment of patients with metastatic RCC 
who have previously progressed to one or two regimens 
of antiangiogenic therapy was FDA (U.S. Food and Drug 
Administration) and EMA (European Medicines Agency) 
approved in 2015 and 2016 respectively (77). 

For the treatment of patients with locally advanced or 
metastatic urothelial carcinoma, who failed to respond to 
prior platinum-containing therapy, two immune checkpoint 
inhibitors (nivolumab and pembrolizumab, both anti-PD-1 
monoclonal antibodies) have been approved following data 
from corresponding RCTs (78,79). Pembrolizumab has been 
approved additionally for the treatment of patients who are 
not eligible for cisplatin-containing chemotherapy (80).  
Meanwhile, the anti-PD-L1 antibody atezolizumab has also 
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obtained FDA and EMA approval for the above indications. 
Regarding immune checkpoint inhibition in advanced 
prostate cancer, however, only modest clinical activity has 
been observed (81). 

Whereas the clinical use of immune checkpoint 
inhibition in urogenital malignancies is thus increasing over 
the last few years, data on the immunomodulatory effects 
of epigenetic therapies regarding these tumor entities is 
currently scarce. In a study investigating the effects of 
valproic acid and INF-α on gene transcription of metastatic 
RCC cell lines, the list of upregulated genes also included 
several chemokines (CXCL10, CXCL11, CXCL16) (82). 
Similarly, immunomodulatory effects of entinostat on RCC 
and prostate cancer emerged in a study evaluating Treg 
function. Here, low dose entinostat reduced Foxp3 levels in 
Tregs, which was associated with enhanced tumor growth 
inhibition (69). In a different study prostate carcinoma cells, 
amongst others, became more sensitive to T-cell mediated 
lysis in vitro after clinically relevant exposure to either 
vorinostat or entinostat. Here, a broad range of tumor-
associated antigens, such as CEA, MUC1 and PSA, was 
observed and an association with augmented expression 
of multiple proteins involved in antigen processing and 
tumor immune recognition was found (83). Especially in 
prostate cancer, decreased expression of CTAs has been 
discovered as a means of escaping immune monitoring, with 
several studies addressing the role of HDACis and DNMTis 
(e.g., azacytidine) in increasing tumor immunogenicity 
(84,85). Although induction of CTAs by azacytidine 
and trichostatin A was also observed for bladder cancer 
(86,87), our research did not yield further results regarding 
immunomodulation through epigenetic therapy in bladder 
cancer. Thus, especially in the field of uro-oncology, more 
preclinical research is needed. 

Conclusions

As summarized in Figure 1, epigenetic modifiers such 
as  DNMTis ,  HDACis  and BET inhibi tors  show 
immunomodulatory properties both on cancer cells 
directly as well as on other cells and factors in the tumor 
microenvironment. In cancer cells, upregulation of TAAs, 
NK cell ligands, chemokine expression and immune 
checkpoints, antigen procession and presentation as well 
as induction of viral mimicry improve recognition and 
elimination of cancer cells by cytotoxic host cells. In 
the tumor microenvironment, suppression of MDSCs, 
modulation of Treg function and activation of NK cells may 

improve immunogenic efficacy.
In conclusion, current preclinical data supports 

translation of combinatorial treatment approaches into 
clinical trials and practice.
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